Abstract-A tethered epicardial crawling robot known as HeartLander has been developed for minimally-invasive surgery on the beating heart. The crawler has been tested in vivo many times in a porcine model, a model which provides generally authentic conditions in many ways; however, the pigs tested generally have little epicardial fat, whereas the epicardial fat in human patients will be considerable. As a result, it is necessary to determine the effect of such fat on the performance of the crawler. In one experiment, using fresh ovine hearts ex vivo, clogging of the suction chambers of the crawler during sliding over tissue with active suction was investigated for a variety of thicknesses of epicardial fat. In a second experiment, the maximum traction force during each step was measured when sliding with active suction repeatedly over the same location for a variety of fat thicknesses. The clogging experiment showed accumulation of fat in the suction chamber, with the amount dependent on the state of the epicardial membrane, but the suction line did not clog. The traction experiment showed that traction was maintained in all cases except when the epicardial membrane was excised completely.
I. INTRODUCTION
A minimally-invasive approach to cardiac surgery has long been recognized as desirable in order to avoid the morbidity associated with large incisions [1] . In order to avoid also the morbidity associated with cardiopulmonary bypass, there have been increasing efforts in recent years toward the goal of minimally-invasive surgery on the beating heart, i.e., "off-pump" [1] . In order to meet the challenges of minimally-invasive off-pump cardiac surgery, the authors have developed a tethered epicardial robotic crawler, known as HeartLander, designed to be introduced via subxiphoid incision [2] . The device is inserted into the pericardial sac through a small incision, then adheres to the surface of the heart using suction, and can crawl in inchworm fashion to reach the desired therapy site, with a variety of potential therapy options, including myocardial injection, tissue ablation, and epicardial electrode placement.
In recent years HeartLander has been tested several dozen times in vivo in a porcine model. The porcine hearts on which it has been tested have generally had relatively little epicardial fat. However, in future clinical use in humans, the situation will be quite different.
Human hearts have a variable amount of adipose tissue between the epicardium and the myocardium [3] . This layer of fat is a metabolically active organ, and is directly attached to the myocardial tissue [4] . It has been suggested that epicardial fat serves as a local energy supply for the adjacent myocardium, and as a buffer against toxic levels of free fatty acids [5] . It is commonly found in the grooves or sulci between the chambers of the heart, but can cover 67 to 100% of the myocardial surface in elderly or diseased human hearts. The layer of epicardial fat tends to be the thickest (up to 11 mm) on the anterior and lateral walls of the right ventricle, and on the anterior wall of the left ventricle. In a clinical setting, HeartLander would likely be used on diseased hearts, and thus the presence of epicardial fat must be assumed. The crawler must be able to perform locomotion when such fat is present.
Due to the likelihood that the diseased hearts on which HeartLander will be traveling will be covered in some amount of epicardial adipose tissue (fat), it is important to determine how this anatomical structure will affect locomotion. The first issue was to determine whether the suction line or suction chamber will become clogged after repeated steps across epicardial fat. The second issue was to quantify the ability of the robot to generate traction on the epicardial fat, as this is critical for successful locomotion.
II. METHODS
Ovine hearts were used in this study, as they tend to have more epicardial fat than porcine hearts. Three fresh ovine hearts obtained from a local slaughterhouse were used. The hearts were tested within one hour of being excised from the animal, and were kept warm within a saline bath heated to the average ovine internal body temperature (39° C).
We defined four classifications of epicardial fat coverage: lean myocardium, thin epicardial fat, thick epicardial fat, and exposed epicardial fat (Fig 1(a) ). The lean myocardium had no epicardial fat. Thin epicardial fat was defined as having a thickness of less than 1 mm, under which the myocardium was visible. Thick epicardial fat was defined as having a thickness of 3 mm or more, under which the myocardium was not visible. For the exposed epicardial fat (a) (b) Fig. 1 . (a) Photograph of a freshly excised ovine heart with three of the epicardial fat coverage classifications that we defined for this study: lean myocardium, thin epicardial fat, thick epicardial fat, and exposed epicardial fat. (b) Photograph of a freshly excised ovine heart with the fourth epicardial fat coverage classification: exposed epicardial fat. For this classification, the epicardial was dissected away from the heart in order to expose the underlying adipose tissue. Photographs of the open suction chamber after every ten dragging trials on a region of the heart with thick epicardial fat coverage. It can be seen that the front corners of the suction chamber, which were facing opposite to the direction in which the body was dragged, accumulated epicardial fat over the experiment. The vacuum line did not become clogged with the displaced epicardial fat. Fig. 3 . Photographs of the open suction chamber after every ten dragging trials on a region of the heart with exposed epicardial fat coverage. It can be seen that the entire front edge of the suction chamber, which was facing opposite to the direction in which the body was dragged, became completely filled with epicardial fat after approximately 10 trials. The vacuum line did not become clogged with the displaced epicardial fat.
classification, the epicardial layer that naturally covers the adipose tissue was dissected away (Fig 1(b) ). The front body of a typical robot crawler with an open suction chamber was used in both the suction clogging and traction generation experiments. The suction chamber was supplied with a vacuum pressure of 400 mmHg, which is within the range that has been demonstrated to be safe for the epicardium [6] . In the suction clogging experiments, the front body was dragged 20 mm across the heart surface with the vacuum pressure active at two locations that featured the thick epicardial fat and exposed epicardial fat classifications. These trials were repeated 50 times at each location. The bottom of the suction chamber was photographed after every 10 trials, and the suction chamber was thoroughly cleaned of any accumulating epicardial fat deposits between the two locations.
In the traction generation experiment, the same crawler body was dragged 20 mm across the heart surface with the vacuum pressure active at four locations featuring the four classifications of epicardial fat coverage. The maximum traction force for each trial was recorded by pulling the body with a handheld force gauge. These trials were repeated five times at each of the four locations.
III. RESULTS
Repeatedly dragging the crawler body over epicardial fat while suction was active illustrated that the epicardial fat will not clog the suction line, but does accumulate in the suction chamber. Figure 2 shows photographs of the suction chamber after every 10 trials on a region of the heart with thick epicardial fat coverage. It can be seen that the front corners of the suction chamber, which were facing opposite to the direction in which the body was dragged, accumulated epicardial fat over the experiment. For the same experiment conducted over the exposed epicardial fat, the accumulation of fat in the suction chamber was more pronounced. It can be seen in Fig. 3 that the entire front face of the suction chamber became completely filled with the dislodged epicardial fat after just 10 trials. After approximately 20 trials, no further accumulation of fat was possible within the suction chamber. The suction line did not become clogged with dislodged epicardial fat in either experiment.
The traction experiment showed that the suction chamber was able to generate traction on the surface of ovine hearts with thin or thick epicardial fat coverage, but not on exposed epicardial fat. The suction chamber generated an average of 1.5 N and 1.4 N of traction on the lean myocardium of the left and right ventricles, respectively (Fig. 4) . These measurements served as controls because there was no epicardial fat coverage on the heart at these locations. The average traction on the heart with thin epicardial fat was 2.2 N, while the average traction was 1.4 N over thick epicardial fat coverage. On the exposed epicardial fat, however, the average traction was only 0.3 N. The traction on the exposed epicardial fat decreased over the course of the Fig. 4 . The mean and standard deviation of the maximum traction testing over the four classifications of epicardial fat coverage. The suction pad generated similar traction over the lean myocardium, thin, and thick epicardial fat coverage. The maximum traction on the exposed epicardial fat decreased significantly. five trials, as seen in Fig. 5 , likely due to the accumulation of dislodged fat along the inside of the suction chamber seen in the previously described experiment.
IV. DISCUSSION
The presence of normal epicardial fat did not clog the suction chamber of the crawler or the suction lines, and the suction chamber was able to generate traction over epicardial fat as well. Although some epicardial fat did accumulate in the open suction chamber when dragged repeatedly over thick epicardial fat, the traction study illustrated that this accumulation did not decrease the ability of the suction chamber to generate traction. The far greater accumulation when the crawler was dragged over exposed epicardial fat did adversely affect the traction generated by the suction pad. Fortunately, it is not expected that HeartLander will often encounter adipose tissue exposed to such a degree, because the epicardium naturally covers this tissue on the heart. However, the fat that accumulates in the suction chamber over the course of the first ten repetitions suggests the benefit of maintaining the integrity of the epicardial membrane by not repeatedly drawing a foot with active suction over the same location; i.e., minimizing slippage is better for both the epicardium and the performance of the crawler.
